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Summary 
 

Black liquor recovery boiler floor panels made of composite tubes with alloy 625 applied by weld overlay 
process on SA210 carbon steel have been studied using finite element modeling to determine the stresses 
under different operating conditions.  Heat treatment of tubes after weld overlay process is shown to be 
beneficial, since tubes develop a compressive axial stress at the tube fireside crown after welding with 
membrane to make the floor panels.  A localized temperature excursion at the tube crown can cause the 
axial stress to become tensile, although cracks forming on the fireside surface would still stop before 
reaching the tube inside surface.  Tensile axial stress in the membrane may cause cracks that have formed 
on the top surface to proceed past the interface through the carbon steel.  Heat treatment of the floor 
panels can be used to reduce the stress magnitude in the membrane, and could prevent cracks from 
progressing into the carbon steel. 

                                                 
*Research sponsored by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency and Renewable 
Energy, Office of Industrial Technologies, Advanced Industrial Materials Program, under contract DE-AC05-
00OR22725 with UT-Battelle, LLC. 
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Introduction 
 
Kraft recovery boilers are used by paper mills to recover certain chemicals which are used in the pulping 
process, and to generate process steam.  Due to the corrosive environment in the lower portion of the 
recovery boiler, composite tubes that have a protective clad layer over the SA210 carbon steel base are 
used to construct the floor and lower walls.  Various materials such as 304L stainless steel, alloy 825, and 
alloy 625 have been used as clad materials to provide corrosion resistance.  The composite tubes with 
alloy 625 as clad material are typically made by coextrusion or by a weld overlay process [1]. 
 
The manufacture of the composite tubes introduces some residual stresses, which are modified when the 
tubes are welded to membranes to form panels for the floor and lower walls.  The temperature changes 
during boiler operation and shutdown cause additional changes in the composite tube stresses.  Cracks 
have been observed in some of the 304LSS composite floor tubes and membranes, making it important to 
determine the conditions for which stresses in the tubes and membranes become tensile. 
 
The objective of this project was to perform thermal and mechanical analyses of alloy 625/SA210 
composite tubes made by weld overlay process.  Finite element modeling has been used to determine the 
stress state in a floor tube panel under different operating conditions.  The results are compared to stresses 
for the case of a composite tube made using coextrusion. 
 
Finite Element Modeling 
 
Modeling was carried out using the finite element program ABAQUS [2], to analyze the changes in stress 
components in the composite floor tubes and membranes due to changes in temperature during boiler 
operation.  Earlier work performed as part of a DOE funded project had focused on alloy 625/SA210 
composite tubes made by coextrusion [3, 4].  The analysis consists of the following steps: 
 

�� Thermal and mechanical analyses of the welding process to join the tube and membrane using a 
2-D model 

�� Thermal and mechanical analyses of a normal operating cycle using a 3-D model of a floor tube 
panel 

 
In each case, the thermal and mechanical analyses are performed in a sequential manner.  The thermal 
analysis is carried out first, to compute the temperature field over the domain.  The stresses are then 
computed based on this temperature field.  For both tube and membrane, the thickness of carbon steel was 
assumed to be 0.205 in., and the thickness of clad layer was assumed to be 0.075 in.  The tubes were 
assumed to have an OD of 2.5 in., and the membrane width was assumed to be 0.5 in. 
 
For the welding analysis, the initial stresses in the tube are assumed to be axi-symmetric, and vary only 
through the thickness.  The stresses for the coextruded tube were assigned based on measurements using 
neutron diffraction.  The membrane was assumed to be stress-free due to lack of experimental data.  
Efforts are currently underway to measure the membrane stresses, which could be used in future modeling 
work.  The stresses are altered as a consequence of the welding operation, and these stress values are used 
to prescribe the initial stress state for analysis of the floor panel. 

 
Modeling the floor panel follows a similar procedure, with sequential thermal and mechanical analyses.  
The temperature values on the fireside surface of the tube, weld, and membrane are prescribed, and 
cooling of the tube with pressurized water is assumed.  The analysis consists of computing the 
temperature of the panel under normal operation, followed by cooling to room temperature.  The stresses 
in the tube and membrane are altered by temperature gradients, and differences in material properties 
between the clad layer and carbon steel. 
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Results and Discussion 
 
The modeling procedure was applied to alloy 625/SA210 composite tubes to study several cases with 
different assumptions regarding the initial stress state of the tubes prior to welding with the membrane.  
The results of the floor panels are presented at two locations—at the crown of the tube on the fireside and 
at the center of the membrane on the fireside, since cracks are most often observed in 304LSS composite 
materials at these locations.  Cracks at these locations typically originate at the fireside surface and 
proceed through the clad layer.  The cracks in the 304LSS composite tube crown typically stop at the 
interface with the carbon steel, whereas cracks in the membrane sometimes proceed past the interface into 
the carbon steel.  Therefore, results are presented at the surface of the clad layer, and at the interface on 
the SA210 side. 
 
Figure 1 shows the changes in hoop and axial stresses during the operating cycle at the fireside surface of 
the tube crown, and at the interface on the carbon steel side at the tube crown for Case 1, where the initial 
stresses used for the welding analysis were based on measurements on a tube made by coextrusion.  It 
should be noted that the initial stresses in the coextruded tube are small in magnitude.  At the tube fireside 
crown the axial stresses are compressive and hoop stresses are tensile in both layers after welding to form 
the floor panel, and they remain so through the operating cycle.  The changes in the magnitudes of the 
stress components are small because the thermal expansion properties of alloy 625 and carbon steel are 
quite similar. 
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Figure 1:  Stress variation at the tube fireside crown during a normal operating cycle for a tube made by 
coextrusion. 
 
Figure 2 shows the stress variation at the crown of a tube that was assumed to be stress-free before 
welding with the membrane.  Neutron diffraction measurements on a composite tube made by weld 
overlay process and subjected to stress relief by heat treatment showed the resulting stresses to be close to 
zero [5].  It is seen from Figure 2 that other than small differences in the actual values, the stress variation 
during a normal operating cycle for this case is similar to that of the coextruded tube (Figure 1). 
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Figure 2:  Stress variation at the tube fireside crown during a normal operating cycle for a tube made by 
weld overlay process and subjected to heat treatment for stress relief before welding into a floor panel. 
 
In the absence of heat treatment following the weld overlay process, the stresses in the tube can be quite 
significant, as shown by both neutron diffraction measurements [5] and finite element modeling [6].  In 
turn, this affects the stress levels after panel welding and also the stress variation during operation.  
However, this case is not discussed in detail, since the tubes used to make the floor panels are always 
subjected to stress relief through heat treatment. 
 
The results presented thus far have been based on tube and membrane thickness values used in the earlier 
work [3, 4] to evaluate different clad materials, such as stainless steel 304L, alloy 825 and alloy 625, for 
use in recovery boiler floor panels.  Based on measurements of some samples sent to ORNL for 
examination, the models were modified to consider the relative thickness values shown in Table 1, with 
the earlier values also being listed for comparison.  The main difference from the previous cases is the 
thickness of the clad layer in the membrane, which is much smaller than the value used before. 
 
Table 1: Relative thickness values of clad layer and carbon steel in the composite tubes and membranes. 

 
  Value used in earlier work Measured value from samples

Carbon steel 0.205 in. 0.203 in. Tube 
Clad layer 0.075 in. 0.0703 in. 

Carbon steel 0.205 in. 0.203 in. Membrane 
Clad layer 0.075 in. 0.055 in. 

 
 
The 2-D model for analyzing the welding of tube and membrane was modified to account for different 
weld cross-section, with greater penetration at the joint.  The resulting stress values were then mapped to 
the 3-D model of the floor tube panel, and the calculation of stress changes during a normal operating 
cycle was repeated for the case of the heat- treated tube (no initial stresses in the tube). 
 
Figure 3 shows the stresses at the tube crown, and comparison with Figure 2 shows that use of the 
membrane with thinner clad layer does not affect the stress values at the tube crown.  Since the tube 
crown is sufficiently far away from the membrane, and the relative thickness values for the tube are 
similar to the earlier values, the stress changes at the tube crown are also similar to the earlier case. 
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Figure 3:  Stress variation at the tube fireside crown during a normal operating cycle for a tube made by 
weld overlay process and subjected to heat treatment for stress relief, considering a thinner clad layer in 
the membrane. 
 
Figures 4 and 5 show a comparison of the stresses at the center of the membrane for the two cases with 
higher and lower thickness values for the membrane clad layer, respectively.  It is observed that the axial 
stress values, both at the fireside surface and on the carbon steel side of the interface, are almost the same 
for the two cases, and are not significantly affected by the clad layer thickness.  It is also of note that the 
axial stresses are tensile in both materials, and they change very little during the cycle.  This would 
indicate that any cracks that form in the membrane on the fireside surface could proceed past the interface 
into the carbon steel.  The tensile axial stresses are a consequence of the welding of the tube and 
membrane, with relatively cooler sections of the tube farther away from the weld putting a tensile load on 
the membrane as it cools. 
 
The thickness of the clad layer has a greater influence on the transverse stress values, especially in the 
alloy 625 clad layer.  The transverse stresses undergo very little change during the cycle, and they remain 
compressive in both layers, although their magnitude is quite small at the interface on the carbon steel 
side. 
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Figure 4:  Stress variation at the center of the membrane during a normal operating cycle for thicker clad 
layer. 
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Figure 5:  Stress variation at the center of the membrane during a normal operating cycle for thinner clad 
layer. 
 
Analysis of Temperature Excursion 
 
In addition to the stress changes during a normal operating cycle, thermal and mechanical analyses were 
carried out to study the effect of localized thermal fluctuations on the stresses at the crown of the tube.  
The cycle consisted of heating to normal operating temperature, followed by a thermal spike to 480 °C at 
the crown of the tube, before returning to normal operating temperature.  An additional cycle at normal 
operating temperature was also modeled.  The computed changes in hoop and axial stresses at the tube 
fireside crown are shown in Figure 6.  At the fireside surface, a temperature excursion to 480 °C causes 
yielding in alloy 625, and the axial stress becomes tensile on returning to operating temperature.  The 
hoop stress is also higher in tension after the temperature excursion.  Subsequent cooling to room 
temperature causes the stress values to become even higher in tension.  The stresses remain tensile and in 
the elastic range during a subsequent normal operating cycle. 
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Figure 6:  Stress variation at the tube fireside crown during an operating cycle that includes a thermal 
spike to 480 °C. 
 
The stress variation on the carbon steel side of the interface follows a similar trend, with compressive 
axial stress becoming tensile after the thermal spike due to yielding, and remaining tensile during a 
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subsequent normal operating cycle.  The presence of tensile stress in alloy 625 could promote cracking at 
the fireside surface at the tube crown, and these cracks could proceed past the interface into the carbon 
steel.  Whether or not cracks form and grow will depend on the cracking mechanism and the magnitude of 
the tensile stress relative to the yield stress of the material. 
 
It must be noted here that the analysis of the thermal spike assumes that the inside surface of the tube is 
constantly being cooled by water at 285 °C, causing a large thermal gradient across the tube thickness.  
Since the thermal expansion properties of alloy 625 and carbon steel are comparable, it is the large 
thermal gradient that causes the tensile axial stress near the outside surface.  The regions closer to the 
inside surface do not experience as large a temperature change during the thermal spike, causing the axial 
stress to remain compressive in these regions.  Therefore, even if cracks form on the fireside surface and 
proceed into the carbon steel, it is unlikely that they will proceed all the way to the tube inside surface. 
 
Analysis of Panel Heat Treatment 
 
The welding of the tube and membrane introduces residual stresses in the floor panel, which are altered 
only slightly during a normal operating cycle.  In order to see if heat treatment of the panel would be 
beneficial in reducing the stresses, heating of the panel to 900 °C and cooling to room temperature was 
modeled, followed by a normal operating cycle.  The results are shown in Figures 7 and 8 respectively, at 
the fireside tube crown and at the center of the membrane.  At the tube crown, the effect of the heat 
treatment in the alloy 625 layer is to make the axial stress more compressive, and the hoop stress less 
tensile.  At the interface on the carbon steel side, heat treatment causes the hoop stress to become less 
tensile, and the axial stress to become less compressive, with both stress magnitudes becoming much 
smaller.  The axial stress still remains slightly compressive, although this could change in the event of a 
temperature excursion. 
 

Time

S
tr

es
s

[M
P

a]

T
em

p
er

at
u

re
[o

C
]

-200

-100

0

100

200

300

0

100

200

300
Temperature

Axial

Hoop

tube crown on A625 side

noin_op_n37s6
Time

S
tr

es
s

[M
P

a]

T
em

p
er

at
u

re
[o

C
]

-200

-100

0

100

200

300

0

100

200

300

interface on SA210 side

Temperature

Hoop

Axial

noin_op_n37s3  
 
Figure 7:  Stress variation at the tube fireside crown during a normal operating cycle after heat treatment 
of the panel at 900 °C. 
 
At the center of the membrane in the clad layer, the heat treatment causes little change in the axial stress 
component, which remains tensile and could promote cracking, while the transverse stress becomes much 
less compressive.  At the interface on the carbon steel side, both axial and transverse stress values become 
much smaller in magnitude, with axial stress remaining slightly tensile, and transverse stress changing 
from compressive to very slightly tensile.  While compressive axial stress would be desirable to prevent 
crack propagation through carbon steel, the reduction in magnitude of axial stress could be still be 
considered a benefit.  
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Figure 8:  Stress variation at the center of the membrane during a normal operating cycle after heat 
treatment of the panel at 900 °C. 
 
Conclusions 
 
Finite element modeling has been used to study the stresses in composite tubes of alloy 625 over SA210 
carbon steel made by weld overlay process.  Both normal operating cycle and a cycle that includes a 
localized temperature spike were studied.   The following main conclusions can be drawn from the 
modeling results: 
 

�� Tubes made by weld overlay process followed by heat treatment for stress relief have 
compressive axial stress after welding to make floor panels.  Tubes which are not heat treated 
have tensile axial stress, which can promote cracking. 

�� Welding of tubes and membranes to form floor panels causes tensile axial stresses in the 
membranes, since portions of the tube away from the weld remain cooler and constrain the 
membrane from free contraction during cooling after weld application.  The tensile axial stresses 
can promote crack formation and growth through the entire membrane thickness. 

�� Use of membrane with smaller thickness of alloy 625 layer does not significantly affect the 
stresses in the membrane. 

�� Temperature excursions of 480 °C or higher can cause axial stress at the tube crown to change 
from compressive to tensile. 

 
Analysis of the heat treatment of the welded floor panel was carried out by heating the entire panel to 
900°C and cooling to room temperature.  The main effect is to make the magnitude of stresses in the 
carbon steel close to zero.  In the alloy 625 layer at the tube crown, the axial stress becomes more 
compressive while the hoop stress becomes less tensile after heat treatment.  On the membrane top 
surface, the axial stress is largely unaffected while the transverse stress becomes less compressive. 
 
Recommendations for Further Work 
 
The temperature for studying the effect of heat treatment of the panel was chosen as 900 °C based on the 
heat treatment of the weld overlay tubes.  Use of a higher or lower temperature might lead to more 
favorable results, and further work is needed to study the effect of temperature on the stress relaxation. 
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The analyses described in this report have been limited to floor panels with 2.5 in. OD tubes on 3 in. 
centers.  Some recovery boilers have floor panels with 3 in. OD tubes on 4 in. centers.  The increased 
width leads to less efficient cooling and higher temperatures in the membrane, making it more susceptible 
to cracking.  Further study would be required to better understand the stresses in the panels with larger 
tubes and wider membranes. 
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